Silicon-rich nitride (SRN) films that can exhibit an intense white-light emission were fabricated by atmospheric pressure chemical vapor deposition. SRN films were deposited on Si substrates using gaseous SiH 2 Cl 2 (DCS) and NH 3 as the source materials for Si and N, respectively. The deposition temperature was kept at 850 C, and H 2 was used as the carrier gas with its flow rate modulated to maintain chamber pressure at 1 atm during the deposition. The optical properties of films obtained at various deposition times from 15 to 60 min were examined by photoluminescence (PL) measurement. An intense luminescence band (1.5 -3.5 eV) was observed by the naked eye for all as-deposited samples. Besides, time-resolved PL exhibited a short radiative lifetime of about 1 ns for SRN films. Moreover, high resolution plan-view transmission electron microscopy demonstrated the existence of Si dots in SRN films with the dot sizes ranging from 2 to 6 nm and a dot density of about 4 Â 10 12 /cm 2 . On the basis of the results obtained, we considered that the related luminescence mechanism for SRN films is connected to crystalline Si dots produced therein.
Introduction
In recent years, Si-based light-emitting diodes (LEDs) have become very popular owing to their low cost of fabrication and easy integration with conventional IC technology compared with the present high-efficiency IIIVs-based LEDs. This naturally makes Si-based light-emitting materials some of the best for realizing optoelectronic integrated circuits (OEICs). The discovery of bright photoluminescence (PL) from electrochemically etched porous silicon (PSi) has led to much research on fabricating efficient Si-based LEDs. [1] [2] [3] [4] However, the application of PSi has been limited by its unstable optical properties and physical fragility. Accordingly, other approaches to fabricating Sibased LEDs on silicon oxide (SiO x ) have gradually been developed, including the use of native SiO x (NSO) [5] [6] [7] [8] and Si-rich oxide (SRO), 9, 10) doping or ion-implanting SiO 2 with various atoms, such as Si, Ge, Er 3þ , and others, [11] [12] [13] inserting multiple quantum wells into a SiO x film, 14) and growing Si/SiO 2 superlattices. 15) However, for LEDs fabricated from a SiO x material, the applied working voltage is too high, and will be an issue for practical use.
Besides the materials mentioned above, silicon nitride (SiN x ) is also an alternative for Si-based LEDs. In particular, the potential barrier at a Si/Si 3 N 4 interface is much lower than that at a Si/SiO 2 interface. 16) Therefore, for Si/SiN x , conditions for carrier injection can be improved, so SiN x has greater potential for fabricating white-light LED. 17) In using a SiN x material for white-light LEDs, basically a silicon-rich nitride (SRN) film with crystalline or amorphous Si quantum dots (QDs) embedded therein must be formed. So far, almost all these types of film have been fabricated by plasma-enhanced chemical vapor deposition (PECVD). [17] [18] [19] [20] [21] [22] [23] The main advantage of the PECVD method is its relatively low deposition temperatures (usually 400 C). Compared with PECVD, atmospheric pressure CVD (APCVD) is another conventional deposition method for SiN x films but can be a simpler fabrication process and cost-competitive for device applications of the SRN structure. Additionally, higher deposition temperatures in APCVD can be expected for achieving better material quality, such as lower pinhole density and better adhesion to the substrate. Nevertheless, the use of APCVD for fabricating whitely luminescent films has seldom been studied and relevant works are scarce. 24) Hence, in this paper, we present the results of our investigation on SRN films fabricated by APCVD. In particular, to our knowledge, this is the first time to recognize that APCVD can be used to fabricate SRN films with crystalline Si QDs embedded therein.
Experiment
The samples were prepared using a home-made one-flow APCVD system with a vertical chamber. The substrates used were 2-in. (111) and ammonia (NH 3 ) were used as the source materials for Si and N, respectively, and H 2 was the carrier gas. After loading, the substrate was initially heated to 1100 C in H 2 ambient for 7 min, to remove the passivated layer on the surface. Then, SRN films were grown at a constant temperature of 850 C and at a constant flow ratio of ½NH 3 = ½DCS ¼ 1:2 in an H 2 environment. The film deposition time was varied from 15 to 60 min.
The optical properties were examined by room-temperature photoluminescence (PL) measurement. PL spectra were excited with the 325 nm line of a He-Cd laser at excitation power densities of 0.1-0.25 kW/cm 2 . The luminescence was dispersed by a 1 m monochromator and detected using a water-cooled GaAs photomultiplier. More-over, radiative lifetime was determined from time-resolved photoluminescence (TRPL) measurement at room temperature. In this case, the signal was excited by a GaN semiconductor laser ( ¼ 396 nm) with a pulse width of about 0.15 ns and a power density of 0.2 W/cm 2 . The thickness of SRN films was determined by scanning electron microscopy (SEM). The microstructure of the films was studied by plan-view high resolution transmission electron microscopy (HRTEM) using a Philips Tecnai F20 microscope operated at 200 keV. Specimens used for HRTEM were first chemically etched, then mechanically polished to <5 mm and finally ion-milled to achieve electron transparency. Figure 1 shows the room-temperature PL spectrum of a typical SRN film deposited for 40 min (referred to below as sample SRN-A). As can be observed, a strong white luminescence band covers a range from 1.5 to 3 eV with three subpeaks at 2.08, 2.45, and 2.81 eV, individually. Two intervals among these peaks are 360 and 370 meV. Considering these large energy deviations, it is plausible that the aforementioned subpeaks did not result from Si QDs of different sizes nor the transitions between different energy levels in the same Si QD. The origin of these subpeaks will be analyzed in detail after Fig. 4 is presented. Now, to the spectrum shown in Fig. 1 a Gaussian distribution is fitted over the 1.5 -3.5 eV range with the peak at 2.5 eV. Obviously, the luminescence peak energy is blue-shifted from that of crystalline Si bulk (1.12 eV) by 1.38 eV. This result is considered to be related to the quantum confinement effect of Si QDs embedded in the matrix of amorphous SiN x with a band-gap energy of approximately 5 eV, 25) as examined from both theoretical and experimental points of view described below.
Results and Discussion
As was reported, the Gaussian distribution of PL spectra from Si QDs demonstrates theoretically an ensemble of Si QDs of various sizes. 26) Otherwise, the effective band-gap energy of a Si QD modeled by a block with three unequal sizes, d 1 , d 2 , and d 3 can be given by 27) 
where E gap;0 is the indirect band gap of Si bulk at 300 K. As can be noted from the subsequent HRTEM image displaying Si QDs, it is reasonable to assume a spherical QD with an equivalent three-dimensional (3D) size
and then eq. (1) can be simplified to
where C is the confinement parameter. 18, 20, 21) The curves shown in Fig. 2 show the relationship between the effective band-gap energy and the size of a spherical QD for both crystalline and amorphous Si QDs. The curve in solid line is plotted for the former using eq. (2) with E gap;0 ¼ 1:12 eV and C % 8:845 determined using the bulk parameters of Si given in ref. 27 . Otherwise, the curve in dash line at the bottom is the same plot for the latter, as reported in refs. 18, 20, 21. Furthermore, for comparison, the plot in dot-dash line at the top is a copy of the curve fitting to the relationship between PL peak energy and the flow rate of [SiH 4 ]/[N 2 ] for crystalline Si QDs examined in ref. 20 . In the same reference the fitting parameters of E gap;0 and C are resolved to be about 1.16 eV and 11.8, respectively. Using these curves and the parameters obtained from the Gaussian fitting to the PL spectrum, one can analyze the size distribution of Si QDs. The range (1.5 -3.5 eV) and peak position (2.5 eV) of the Gaussian fitting curve shown in Fig. 1 are indicated in Fig. 2 by two open circles and one closed circle, respectively, with their measurement errors indicated. It is found that the luminescence energies of Si QDs in sample SRN-A can be well described by eq. (2) for the case of crystalline Si QD, from which information on a size distribution range of 2 -6 nm for the crystalline Si QDs and that on the largest number of dots with a size of 3 nm were extracted.
On the other hand, for a direct observation of nanostructures, Fig. 3 shows a plan-view HRTEM image of Figure 4 shows the number distribution of Si QDs as a function of dot size. As can be observed, the Si QDs embedded in the SRN film were also found to follow the Gaussian distribution having dot sizes ranging from 1 to 7 nm. The density of Si QDs was determined to be about 4 Â 10 12 /cm 2 . It therefore can be said that the size distribution of Si QDs estimated theoretically from Fig. 2 coincides with that determined directly from HRTEM images, as described above.
As demonstrated in Fig. 1 , the white luminescence band shows three subpeaks at 2.08, 2.45, and 2.81 eV. It was indicated previously that the multiple interference phenomenon in PL spectra can be affected by film thickness. 28) In the present case, these peaks were also considered to be caused by multiple interference effects in the SRN film. In order to confirm this, we kept the flow ratio of ½NH 3 =½DCS and growth temperature constant at 1.2 and 850 C, respectively, but changed the growth time as 15, 30, 45, and 60 min to attain SRN films of different thicknesses, referred to below as samples SRN-B, SRN-C, SRN-D, and SRN-E, respectively. SEM images of these samples helped determine their film thicknesses to be 21.3, 269.4, 620.3, and 789.1 nm, respectively. Moreover, Fig. 5 shows the roomtemperature PL spectra obtained from these films. As is shown, the appearance of subpeaks in the PL band becomes more evident as the SRN film becomes thicker. Nearly only one wide PL band is observed when the SRN film is thinner than 300 nm, whereas this wide band develops into two or three subbands with spacings of 360 and 355 meV when the SRN film is thicker than 600 nm. Figure 6 shows the room-temperature TRPL spectra of the samples SRN-B, SRN-C, SRN-D, and SRN-E monitored at an energy of 2.48 eV (500 nm). Notably, normalized intensity is plotted on a semilogarithmic scale versus time on a linear scale. Evidently, the decay is not single exponential. The transient can be well fitted by a stretched exponential, [29] [30] [31] which is given by the following equation.
where IðtÞ is the PL intensity at time t and I 0 Ið0Þ. The decay time constant is the average lifetime, and the dispersion factor varies between zero and unity, providing information on the recombination mechanism. Table I shows the average lifetime and dispersion factor extracted from the fitting of eq. (3) to the PL decay spectra shown in Fig. 6 . It can be observed that lifetime increases from 0.56 to 1.12 ns with increasing film thickness, whereas ranges between 0.5 and 0.6. In particular, the lifetime approaches 1 ns when the film thickness is higher than 2600 Å . The magnitude scale of the average lifetime and the stretched exponential decay behavior of PL intensity might also suggest the luminescence mechanism of the SRN film grown in the present study to be the quantum confinement effect.
32)
Additionally, it is worth noting that the lifetime seems to be influenced by film thickness. This is possibly because different sizes of Si QDs are formed when the SRN film is grown to different thicknesses. Nevertheless, to elucidate this in further detail, further study in this area must be conducted.
Conclusions
Silicon-rich-nitride films with Si QDs embedded inside were successfully deposited on the Si substrate by APCVD. PL measurements indicated an intense white luminescence band (1.5 -3.5 eV) that can be observed by the naked eye and HRTEM observations demonstrated the existence of Si QDs in the grown films with dot sizes ranging from 2 to 6 nm and a dot density of about 4 Â 10 12 /cm 2 . The white PL band was considered to be basically associated with the quantum confinement effect of Si QDs; however, the PL spectral feature was also influenced by the multiple interference effects of the SRN film as the film was grown to over 600 nm. Additionally, a short radiative lifetime of about 1 ns was exhibited by time-resolved PL. The establishment of the experimental procedure for obtaining such a strong white light emission may lead to a significant progress towards the application of APCVD-grown SRN films to light-emission Si-based devices. 
